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Cytomegaloviruses likely encode numerous gene products involved in regulating virus–host cell interactions and patho-
genesis. We previously identified a region of murine cytomegalovirus (MCMV) within HindIII-J and -I that regulates
pathogenesis of the virus [open reading frames (ORFs) M139–M141] or is likely required for MCMV replication (ORFs m142
and m143). As a prerequisite for further studies on the structure and function of this gene region, we mapped the transcripts
encoded within MCMV HindIII-I. Probes for ORFs M140 and M141 hybridized to 5.4- and 7.0-kb RNA, respectively, which were
transcribed with early kinetics and were 39 coterminal with HindIII-J ORF M139. Probes representing ORFs m142, m143, or
m144 hybridized to 39 coterminal transcripts of 1.8, 3.8, and 5.1 kb, respectively. ORFs m142 and m143 were transcribed with
immediate-early kinetics but were most abundantly expressed at early times. Probes for the rightmost end of HindIII-I
hybridized to a 5.1-kb early/late RNA corresponding to m144 and to a 1.8-kb early RNA transcribed from m145. All of the major
transcripts were polyadenylated and therefore are likely coding. Additional minor transcripts of intermediate sizes were also
detected. ORFs M139–m143 showed homology to the betaherpesvirus-specific HCMV US22 gene family. Because deletion
of these viral genes results in attenuated or helper-dependent phenotypes, this conserved region of US22 family genes may
have a role in virus replication as well as in the pathogenesis of betaherpesviruses in their natural hosts. © 1999 Academic Press
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Considering the large size of the murine cytomegalo-
irus (MCMV) genome (230 kb), the variety of cell types
nfected by MCMV in vivo, and the capability of the virus
o undergo acute and latent infections, there probably
re a large number of MCMV genes that regulate host–
irus interactions. Candidate genes for this important
unction are those not directly involved in replication of
he viral genome. Many DNA viruses possess genes that
re dispensable for replication in cell culture and are
eferred to as nonessential genes. Herpesvirus nones-
ential genes regulate virus–host interactions, including
iral virulence (Jenkins and Martin, 1990; Nishiyama et
l., 1992; DeWind et al., 1994; Enquist et al., 1994) and
mmune recognition of infected cells (reviewed in Hengel
nd Koszinowski, 1997; Hengel et al., 1998; Ploegh, 1998;
iertz et al., 1997a, 1997b; York, 1996; Ziegler et al.,
997).
Studies of MCMV nonessential genes allow for iden-
ification of their function in the natural host. A number of
enes nonessential for growth in NIH3T3 fibroblasts
ave been characterized in MCMV. One, ie2 (m128), is a
1 To whom reprint requests should be addressed at P.O. Box 1980,
m00 W. Olney Road. Fax: (757) 624-2255. E-mail: campbeae@evms.edu.
042-6822/99 $30.00
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156ranscriptional transactivator but is dispensable for
rowth of MCMV both in vitro and in vivo (Cardin et al.,
995; Manning and Mocarski, 1988). The second, sgg-1
m133), is involved in organ-specific viral replication
Boname and Chandler, 1992; Lagenaur et al., 1994; Man-
ing et al., 1992). Products from gene m04 within
indIII-A (Kleijnen et al., 1997) and gene m152 within
indIII-E (Ziegler et al., 1997; Thale et al., 1995) regulate
xpression of mouse MHC class I molecules on the
urface of infected cells. Deletion of M33, which encodes
G protein-coupled receptor homolog, reduces viral
iters in the salivary gland (Davis-Poynter et al., 1997).
enes within HindIII-J are nonessential for MCMV repli-
ation in NIH3T3 fibroblasts (Vieira et al., 1994). This
egion contains ten open reading frames (ORFs), includ-
ng m131, which encodes a b chemokine homolog (Mac-
onald et al., 1997, 1999); m133, which encodes sgg-1;
138, which encodes an IgG Fc receptor (Thale et al.,
994); and M139, which has homology to the US22 gene
amily of human cytomegalovirus (HCMV) (Cavanaugh et
l., 1996; Rawlinson et al., 1996).
To the immediate right of HindIII-J is HindIII-I, which
ontains at least six ORFs, M140–m145 (Cavanaugh et
l., 1996; Rawlinson et al., 1996). M140, M141, m142, and
143 have homology with HCMV US22 gene family
embers US23, US24, US26, and US23, respectively
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157MCMV HindIII-I TRANSCRIPTSCavanaugh et al., 1996; Rawlinson et al., 1996). The gene
tructures or functions encoded within these ORFs have
ot been identified. M139–M141 are nonessential for
eplication of MCMV in fibroblasts (Cavanaugh et al.,
996; Hanson et al., 1999). Because deletion of the region
orresponding to M139, M140, and M141 results in mu-
ant viruses that grow poorly in macrophages in vitro and
hat are highly attenuated for replication in target organs
f mice (Cavanaugh et al., 1996; Hanson et al., 1999), this
ene region likely encodes products involved in regula-
ion of MCMV pathogenesis. Additional deletion of m142
nd m143 renders MCMV helper dependent for growth in
ibroblasts (Cavanaugh et al., 1996). Thus ORFs m142
nd/or m143 are potentially essential for MCMV replica-
ion in cell culture. Nonessential gene m144 encodes the
HC class I heavy chain homolog (Rawlinson et al.,
996; Farrell et al., 1997; Chapman and Bjorkman, 1998).
hus HindIII-I contains several nonessential genes that
egulate viral pathogenesis, as well as at least one gene
ikely required for viral replication.
To assist in the further characterization of the structure
nd function of this important gene region, we mapped
he transcripts encoded by MCMV HindIII-I. The six ma-
or ORFs in HindIII-I were transcribed as three sets of 39
oterminal transcripts. In addition, there were minor tran-
cripts of intermediate sizes. A previously undescribed
mmediate-early gene region was also identified. Tran-
cripts corresponding to m142 and m143 were ex-
ressed in infected fibroblasts in the presence of cyclo-
eximide or anisomycin and throughout the early and
ate phases of MCMV replication. Further studies of the
unction of the genes within HindIII-I should be of great
nterest in elucidating both the basic biology of this virus
nd its pathogenesis in the host.
RESULTS
ranscript mapping of the MCMV HindIII-J/I junction
The HindIII-J region of MCMV contains seven ORFs:
133–M139 (Rawlinson et al., 1996; Vieira et al., 1994).
ranscripts mapping to this region are transcribed from
ight to left at early or late times during infection (Vieira
t al., 1994). Sequence analysis predicts that M139 ini-
iates in the adjacent HindIII-I region to the right and is 39
oterminal with m138 to the left. Vieira et al. (1994)
dentified three early transcripts (4.1 kb, 6.0 kb, and 7.4
b) that hybridized to a probe corresponding to M139. All
hree transcripts were larger than and coterminal with
138 RNA. The smallest of the three was identified as
139, and the two larger transcripts were predicted to
riginate in HindIII-I. We therefore hybridized RNA from
CMV-infected cells at immediate-early, early, or late
imes with probes corresponding to M139 in HindIII-J and
he left end of HindIII-I. As predicted, we identified three
bundant transcripts corresponding to M139 (4.0 kb),
140 (5.4 kb), and M141 (7.0 kb) (Figs. 1B and 1C, probes cand C). These RNAs were transcribed with early kinet-
cs (Fig. 1C, probe B). None of the transcripts were
roduced under immediate-early conditions (data not
hown). In addition, we detected a lower abundance
.0-kb early transcript using probes corresponding to the
138, M139, M140, and M141 regions (Fig. 1C, probes B
nd C, and probe A, data not shown). This RNA may
epresent either a splice variant of M141 or use of an
lternate start site. A probe for the most 39 end of m138
probe L) detected the m138 RNA but failed to detect the
.0-, 5.4-, 6.0-, and 7.0-kb transcripts originating from
139, M140, and M141 (data not shown). Therefore,
hese four transcripts are probably 39 coterminal and use
he polyadenylation signal starting at nucleotide 192446
ithin the m138 ORF (Fig. 1B). We also consistently
etected a less abundant 3.0-kb early transcript, which
ybridized only to probes corresponding to the m138 and
139 region (Fig. 1, probe B, and probe A, data not
hown), suggesting that it is an alternate M139 tran-
cript. This transcript also used the polyadenylation sig-
al within m138.
ranscript mapping of the m142–m144 region
Analysis of the HindIII-I sequence predicts another set
f 39 coterminal transcripts mapping to ORFs m142,
143, and m144, using a common polyadenylation signal
9 of m142 starting at nucleotide 199371 (Fig. 1B). As
redicted, three transcripts corresponding to m142 (1.8
b), m143 (3.8 kb), and m144 (5.1 kb) were identified using
robes D, E, and H (Fig. 1C). The 1.8-kb m142 transcript
nd the 3.8-kb m143 transcript were expressed at imme-
iate-early, early, and late times as defined by use of
rug inhibitors (Fig. 1C). The 5.1-kb m144 transcript was
xpressed at early times but was more abundant at 24 h
fter infection in the absence of PAA (Figs. 1C, probes D,
, and H, and Fig. 2). In addition to the three predicted
ranscripts, an abundant 2.2-kb early/late RNA was evi-
ent (Fig. 1C, probe D). This 2.2-kb transcript could
orrespond to the small potential ORF designated m142c
Fig. 1B) or could be a splice variant of another transcript.
owever, because this transcript did not hybridize to
robes from the m143 region (Fig. 1C, probes E and H),
t is likely encoded by m142 or m142c.
ranscript mapping of the right end of HindIII-I
We next identified transcripts mapping to ORF m145
s well as ORFs in the adjacent HindIII-O region. A
.8-kb early transcript, corresponding to m145, was
etected by probes E and I (Fig. 1C). An additional
bundant 0.6-kb early/late RNA was detected (Fig. 1C,
robes E and I), as well as lower abundance 3.3- and
.5-kb transcripts (Fig. 1C, probes E and I). The 0.6-kb
ranscript hybridizes to a probe spanning m144 and
he 39 half of m145 (Fig. 1C, probe I) but not to a probe
orresponding to the 59 end of m145 (probe J, data not
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158 HANSON ET AL.hown). Thus this small RNA, abundant at late times,
s probably an alternate m145 transcript. The 3.3- and
.5-kb transcripts appear to originate from promoters
ocated in the HindIII-O or -E fragments. Again, none of
hese transcripts were detectable under immediate-
arly conditions (data not shown).
Transcripts originating from the HindIII-I/O junction
nd from the two HindIII-I regions described above were
lso analyzed using mRNA isolated from infected cells at
ate times, in comparison to total RNA. The results re-
ealed no qualitative differences between viral mRNA
FIG. 1. Transcript analysis of MCMV HindIII-J and -I. (A) Probes for N
f the HindIII-I region. These probes are subfragments corresponding t
indIII-I region. Potential ORFs within the HindIII-J and -I regions are in
oxes. Small arrows depict the indicated restriction sites. Large arrows
or m designation indicates the ORFs with or without sequence homo
mmediate-early, early, and late transcripts, respectively. Large open a
ranscripts with open slashes are potential splice variants. Numbers to
nalyses of HindIII-I transcripts. NIH3T3 cells were infected with 2 PFU
ethods. The M denotes RNA isolated from mock infected cells. Immed
E) RNA was produced in the presence of 250 mg/ml PAA or 300 mg
utoradiographs indicate the probe (Fig. 1A) used for detection of RNA.
herefore the higher-molecular-weight bands were not evident. Numbend total RNA transcribed from HindIII-I. Thus all of the transcripts from this region of the viral genome are likely
oding.
xpression of m142 and m143 transcripts during
iral infection
The identification of novel IE transcripts from the re-
ion corresponding to m142 and m143 was of great
nterest. To further explore the kinetics of expression of
hese genes, we performed a time course experiment in
hich RNA from infected cells was harvested at various
n blot analyses. Indicated are the probes used for transcript mapping
CMV gene region shown in B below. (B) Transcript map of the MCMV
d by the open boxes. Overlapping ORFs are indicated above the main
potential polyadenylation signals. Flags indicate potential TATA boxes.
spectively, to HCMV genes (Rawlinson et al., 1996). IE, E, and L denote
denote the major transcripts. Filled arrows denote minor transcripts.
ft of the arrows indicate sizes of the transcripts (kb). (C) Northern blot
wild-type MCMV, and RNA was isolated as described in Materials and
rly (IE) RNA was produced in the presence of 100 mM anisomycin; early
; and late (L) RNA was harvested at 24 h p.i. The letters below the
cates that the gel was not subjected to partial alkaline hydrolysis, and
e left of each autoradiograph denote sizes (kb).orther
o the M
dicate
denote
logy, re
rrows
the le
/cell of
iate-ea
/ml PFA
D9 indiimes after infection in the absence of drug inhibitors and
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159MCMV HindIII-I TRANSCRIPTSrobed for expression from the m142/m143 region. The
.8-kb m142 and 3.8-kb m143 transcripts were detected
y 1 h after infection (Fig. 2). Levels of these two tran-
cripts peaked at 3 h after infection but remained abun-
ant during late times (Fig. 2). On this Northern blot, and
thers (not shown) that were run longer for greater sep-
ration of the transcripts, there was evidence of a shift in
he1.8-kb band with time, so that at later times postinfec-
ion (p.i.), the predominant band was 1.6 kb. This shorter
ranscript could be a splice variant or may originate from
n alternative start site within m142 that predominates
ver the full-length transcript as infection proceeds. Al-
ernatively, it may be an early transcript from the ORF
esignated m142b in Fig. 1B. The 7.0-kb early transcript
orresponding to M141, the 5.1-kb transcript correspond-
ng to m144, and the 2.2-kb transcript attributed to m142c
ere also evident by 3 h p.i. A darker exposure showed
ll three of these transcripts present at 6 and 16 h p.i. as
ell (data not shown).
uclease mapping of m142 and m143 transcriptional
tart sites
Because we identified two novel IE transcripts, we
anted to further characterize them by determining
he 59 ends of the transcripts. A 0.97-kb NcoI–BglII
robe and a 0.55-kb BsaWI–PstI probe were used for
ybridization to the predicted 59 end regions of m142
nd m143, respectively. The 59 end labeled probes
ere hybridized to RNA from NIH 3T3 cells that were
ock infected or infected for either 3 or 24 h (Fig. 3).
nalysis of the 59 end of the m143 transcript revealed
wo major protected bands identical in sizes at early
nd late times p.i. These correspond to initiation at
FIG. 2. Time course of expression of m142 and m143. NIH3T3 cells
ere either mock-infected (M) or infected with 5 PFU/cell of wild-type
CMV for the indicated times. RNA was isolated as described in
aterials and Methods. The gel was treated by partial alkaline hydro-
ysis to enhance transfer of larger RNA species and probed with probe
(see Fig. 1A). Numbers to the left denote sizes (kb).ucleotide 202686 or 202694. Probing for the m142 dranscript resulted in a predominant protected band
orresponding to a start at nucleotide 200847, with a
inor band indicating possible additional initiation at
ucleotide 200848. When late RNA was analyzed, the
ame size bands were protected, and there was an
dditional protected fragment of approximately 400
ases, which corresponds to the putative m142c tran-
cript (data not shown). This probe would not be ex-
ected to protect a fragment corresponding to the
142b ORF.
FIG. 3. Mung bean nuclease mapping of the 59 end of m142 and
143. NIH3T3 cells were infected with 5 PFU/cell of wild-type MCMV
I) or mock infected (M). RNA was harvested at 3 h after infection as
escribed in Materials and Methods. Then 10 mg/sample of total RNA
as hybridized with 104 cpm of the indicated probe for 4 h at 60°C for
142 or 55°C for m143. Mung bean nuclease was added at concen-
rations varying from 0.5 to 10 U/mg of RNA in 500 ml of nuclease buffer,
nd digestion was carried out for 1 h at 37°C. The samples were
recipitated, resuspended in sequencing running buffer, and run on a
equencing gel for autoradiography. Only the digests using 10 U mung
ean nuclease/mg RNA are shown. The putative TATA boxes are un-
erlined. The carrots above the bases and their corresponding nucle-
tide number within the MCMV genome indicate the start sites pre-
icted by the sizes of the corresponding protected fragments.
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160 HANSON ET AL.nalysis of MCMV gene expression in infected
acrophages
Growth of a MCMV mutant, deleted of ORFs M139–M141,
s impaired in macrophages (Hanson et al., 1999). This
utant virus, RV10, replicates 2–3 log10 lower than wild-type
irus in primary or immortalized macrophages. In light of
he differential effects of this gene region on replication of
CMV in macrophages compared with fibroblasts, we hy-
othesized that there might be transcripts from this region
hat are selectively expressed in macrophages but not in
ibroblasts. Results of Northern blot analyses using RNA
rom infected macrophages and fibroblasts proved that this
as not the case. The same size transcripts from the
indIII-I region were detected in both infected macro-
hages and fibroblasts at early and late stages of infection
Fig. 4). However, the 4.0-kb transcript mapping to M139
as detected at relatively lower levels in infected IC-21
acrophages than in infected fibroblasts (Fig. 4, probe A).
lso, the 0.6-kb early/late transcript mapping to the m144/
145 region was consistently detected at reduced levels in
nfected macrophages compared with fibroblasts (Fig. 4,
robe E). Hence, there appears to be cell-type-specific
egulation of these transcripts. Further studies are required
o assign any functional significance to these differences.
nalysis of the US22 family ORFs
The functions of the HindIII-I gene products in either
FIG. 4. Comparison of HindIII-J- and -I transcripts from infected
ere infected with 2 PFU/cell of wild-type MCMV or mock (M) i
s described in Materials and Methods. Lanes labeled I contain
ndicated probes (see Fig. 1A). The blot with probe A is shown in pa
an be seen without overexposure of the highly abundant 1.9-kb (m
xposure.he virus replication cycle or virus–host interactions 1re largely unknown. The m144 gene encodes an MHC
lass I heavy chain homolog (Rawlinson et al., 1996;
arrell et al., 1997; Chapman and Bjorkman, 1998),
lthough its function in MCMV pathogenesis remains
lusive. The mutant MCMV mentioned above (RV10,
eleted of M139–M141) is highly attenuated for growth
n mice, revealed by undetectable levels of virus in the
pleen of immunocompetent mice and lack of lethality
or severe combined immunodeficient mice (Hanson et
l., 1999). Therefore, one or more of the genes within
he HindIII-J/I region likely encode a protein important
or viral virulence. ORFs M139–m143 all show homol-
gy to the betaherpesvirus-specific HCMV US22 gene
amily (Rawlinson et al., 1996).
US22 gene family members contain up to four con-
erved motifs (Kouzarides et al., 1988; Nicholas and
artin, 1994) that are found in M139–m143 (Fig. 5). Motif
differs between HCMV US and UL family members
Nicholas, 1996), and M139–m143 share the same motif
s the HCMV US family members. Motifs III and IV are
ess well defined but have stretches of nonpolar residues
Kouzarides et al., 1988). M139–M141 contain all four of
hese motifs, whereas m142 and m143 lack motif II. In
ddition, M139, M140, m142, and m143 each have an
cidic domain (Fig. 5), common to herpesvirus transcrip-
ional activators and specifically to MCMV immediate-
arly proteins 1 and 2 (Cardin et al., 1995; Munch et al.,
asts and macrophages. NIH3T3 fibroblasts or IC-21 macrophages
. Immediate-early (IE), early (E), or late (L) RNA was harvested
A collected from cells at 24 h p.i. RNA was detected using the
two different exposures, so that the less abundant transcripts (top)
nscript (bottom). All of the transcripts were clearly visible on longfibrobl
nfected
ed RN
rts at
138) tra992).
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161MCMV HindIII-I TRANSCRIPTSDISCUSSION
Analysis of transcripts expressed from MCMV HindIII-I
onfirmed the existence of three sets of 39 coterminal
NAs as predicted by sequence analyses (Fig. 1B). The
wo transcripts from HindIII-I that are 39 coterminal with
he M139 transcript in HindIII-J (5.4-kb M140, 7.0-kb
141) are expressed with early kinetics and may contain
t least one splice variant (6.0 kb). The second set of
ranscripts is 39 coterminal at a polyadenylation signal
eft of m142 starting at nucleotide 199371. The most
bundant RNAs within this region are m142 (1.8 kb) and
FIG. 5. Conserved sequences of the US22 gene family members.
ydrophobic residue, and X denoting any residue. Residues that match
resent at the same site in four or more sequences. Motifs III and IV a
esidues are bolded, and residues that are predominantly conserved are
cidic residues are in bold, and other hydrophilic residues are underli143 (3.8 kb), which are transcribed with immediate- carly kinetics but remain abundant at early and late
imes as well. The other RNAs transcribed from this
egion are expressed at early or early/late times. A third
et of transcripts is detected by probes corresponding to
RF m145; this includes four early/late transcripts, which
ikely originate from promoters within the adjacent
indIII-O fragment. Such sets of 39 coterminal transcripts,
ith alternative promoters, are found in multiple regions in
CMV (Stenberg et al., 1989; Welch et al., 1991; Adam et al.,
995; Wing and Huang, 1995) and at least one other region
n MCMV (Cranmer et al., 1996), suggesting that this is a
tifs I and II, a consensus sequence is indicated, with O denoting a
nsensus sequence are in bold. Underlined residues are those that are
defined with strings of nonpolar residues. For these motifs, nonpolar
lined. Acidic domain sequences are also shown. In the acidic domains,
all cases, the number of the first residue is indicated.For mo
the co
re less
underommon occurrence in cytomegaloviruses.
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162 HANSON ET AL.Our data identify m142 and m143 as two new imme-
iate-early genes, expressed throughout the replication
ycle. This pattern of expression is similar to that of
ertain transcripts from the HCMV UL36–UL38 region,
hich are similarly expressed in the presence of aniso-
ycin but in the course of infection are higher at early or
ate times after infection (Tenney and Colberg-Poley,
991). Because a mutant MCMV (RV9) deleted of m142
nd m143 is helper dependent for growth in fibroblasts
Cavanaugh et al., 1996), one or both of these genes are
ikely essential. m143 is the MCMV US22 gene family
ember most closely related to HCMV genes IRS1/TRS1
Rawlinson et al., 1996). These HCMV genes are essen-
ial for viral DNA replication, at least in transient assays
Pari and Anders, 1993; Pari et al., 1993). Interestingly,
RS1/TRS1, m142, and m143 have in common a lack of
he US22 family motif II, which is present in all other
CMV and HCMV US22 family members (Nicholas and
artin, 1994) (Fig. 5). The genes that are regulated in part
y IRS1/TRS1 (Iskederian et al., 1996; Kerry et al., 1996;
omanowski et al., 1997) have homologs in MCMV (Raw-
inson et al., 1996), suggesting that a IRS1/TRS1-like
ctivity could be present in MCMV. In support of this,
reliminary evidence shows that m142 and/or m143
ransactivates the MCMV ie1/ie3 enhancer/promoter
unpublished data).
However, our analysis showed two additional early
ranscripts from the m142/m143 gene region; these were
he 1.6- and 2.2-kb transcripts ascribed to ORFs m142b
nd m142c, respectively. Thus assignment of putative
unctions within the m142/m143 gene region should con-
ider the potential role of these transcripts as well. ORFs
142b and m142c would be expected to produce pro-
eins of 310 and 154 amino acids, respectively. M142b
as potential nuclear targeting signals at residues 103–
19 and 248–264 and an RGD motif at residues 163–165.
GD motifs are frequently involved in protein binding to
ertain members of the integrin family of matrix recep-
ors (reviewed in Ruoslahti and Pierschbacher, 1987).
he predicted protein of 310 amino acids has no homol-
gy to any known proteins. There are no obvious motifs
r homologies in m142c.
Comparison of transcripts produced in infected fibro-
lasts or macrophages showed apparent differential ex-
ression of two transcripts. First, the relative amount of
he 4.0-kb transcript corresponding to M139 was lower in
nfected macrophages than in fibroblasts. The lower
bundance of this transcript relative to other transcripts
rom the same region (e.g., the 5.4-kb M140 transcript)
as detectable at various times during the course of
nfection (data not shown). The importance of this differ-
nce is unclear at this time. Second, the 0.6-kb transcript
rom the m145 region was detected at a greatly reduced
evel in infected macrophages compared with fibro-
lasts. However, the replication rate of MCMV in macro-
hages is slower than in fibroblasts (Shanley and Pe- vanti, 1983; and unpublished observations), and expres-
ion of late genes is delayed compared with fibroblasts
unpublished observations). Because this transcript is
ighly upregulated at late times, the reduced levels at
4 h p.i. may be related to the delayed kinetics of MCMV
eplication in macrophages.
The US22 gene family is defined as such based on
equence homology and includes HCMV genes TRS1/IRS1,
S22, US23, US24, US26, UL23, UL24, UL28, UL29, UL36,
nd UL43 (Weston and Barrell, 1986), as well as ie2 from
CMV (Messerle et al., 1991) and some HHV6 and HHV7
RFs (Efstathiou et al., 1992; Nicholas, 1996; Nicholas and
artin, 1994). These genes are characterized by short
tretches of hydrophobic and charged residues. In MCMV,
he 12 US22 family gene members are generally localized in
wo clusters toward the left (M23, M24, m25.1, and m25.2)
nd right (M139–m143) ends of the genome (Rawlinson et
l., 1996). Three additional US22 family genes are dis-
ersed throughout the genome (M36, M43, and M128). With
espect to HCMV homology, the MCMV genes are either
L-like (M36, M43, and M128) or US-like (M139–m143)
Rawlinson et al., 1996). Transcript analysis in this study
eveals another similarity between the HCMV and MCMV
S22 family genes. They are expressed with either imme-
iate-early (M128, m142, and m143) or early (M139, M140,
nd M141) kinetics.
The functions of most of the US22 family genes are
nknown, especially those transcribed with early or
arly/late kinetics. However, most of the US22 family
enes transcribed with immediate-early kinetics (HCMV
RS1/IRS1 and UL36, MCMV m128) and some ORFs
ithin the region of homology in HHV6 encode transcrip-
ional transactivators (Iskederian et al., 1996; Cardin et
l., 1995; Nicholas and Martin, 1994; Stasiak and Mocar-
ki, 1992). Deletion of M139–M141 has no effect on rep-
ication of MCMV in fibroblasts but severely impairs the
bility of the virus to replicate in macrophages in vitro
nd in mice (Cavanaugh et al., 1996; Hanson et al., 1999).
ontinued studies with MCMV mutants deleted of spe-
ific US22 family member genes will provide an oppor-
unity to define the function of the gene products and
heir roles in MCMV pathogenesis.
MATERIALS AND METHODS
ells
Murine NIH3T3 fibroblasts [American Type Culture Col-
ection (ATCC) CRL-1658, Rockville, MD) were propagated
n Dulbecco’s modified Eagle’s medium (DMEM; Mediat-
ch, Herndon, VA) supplemented with 10% heat-inactivated
CS (Hyclone Laboratories, Logan, UT) and 1% L-glutamine
GIBCO BRL, Grand Island, NY). IC-21 cells, a SV40-trans-
ormed peritoneal macrophage cell line (Mauel and De-
endi, 1971) (ATCC TIB 186), were propagated in RPMI
edium (Mediatech) supplemented with 10% heat-inacti-
ated FCS (GIBCO BRL) and 1% L-glutamine.
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The virus used in these studies was MCMV Smith
train (ATCC VR 194). All virus stocks were prepared in
IH3T3 cells and quantified by standard plaque assay.
ock virus preparations were supernatants from unin-
ected NIH3T3 cells.
orthern blot analysis
Northern blot analyses were performed essentially as
escribed (Cavanaugh et al., 1996). Cells were infected
ith MCMV at a multiplicity of 2 PFU/cell for the indi-
ated times. Total RNA from immediate-early times was
arvested 24 h p.i. in the presence of 100 mM anisomycin
r 5 h p.i. in the presence of 50 mg/ml cycloheximide.
arly and late RNAs were harvested and detected as
escribed (Cavanaugh et al., 1996), except that in some
ases phosphonoformic acid (PFA, 300 mg/ml) was used
nstead of phosphonoacetic acid (PAA). The time course
xperiment was performed using a multiplicity of 5 PFU/
ell and no drug treatment. Total RNA was harvested
sing the RNeasy kit (Qiagen, Chatsworth, CA) and
RNA was harvested using the Oligotex direct mRNA kit
Qiagen) according to the directions. In some cases, the
els were treated to enhance transfer of large RNA
pecies by partial alkaline hydrolysis, with soaking for 30
in in 0.05 M NaOH/1.5 M NaCl followed by neutraliza-
ion in 0.5 M Tris/1.5 M NaCl (pH 7.5) before blotting.
mmediate-early, early, and late RNAs were probed with
ubfragments of MCMV HindIII-J or -I indicated in Fig. 1A.
he loading of equal amounts of RNA from each sample
as confirmed by staining a parallel gel with ethidium
romide and comparing levels of 28S and 18S RNA.
uclease protection
Mapping of the 59 ends of m142 and m143 was per-
ormed by mung bean nuclease protection assays accord-
ng to the protocol of Stenberg et al. (1984). Briefly, probes
or the m142 region (NcoI–BglII) and m143 region (BsaWI–
stI) were 59 end labeled with [32P]ATP (3000 Ci/mmol) and
4 polynucleotide kinase (New England Biolabs, Beverly,
A) according to Sambrook et al. (1989). Each probe (5 3
04 cpm) was resuspended in formamide and added to 50
g of total RNA, and the mixture was divided into five equal
liquots. One fifth volume of 53 hybridization buffer was
dded to each tube [2 M NaCl, 0.2 M piperazine-N,N9-bis(2-
thanesulfonic acid), pH 6.4, 5 mM EDTA], and the mix was
eated to 80°C for 10 min and hybridized for 4 h at 55°C or
0°C for the m143 and m142 probe, respectively. Each tube
eceived 5–100 U (0.5–10 U/mg of RNA) of mung bean
uclease (PharMingen, San Diego, CA) in 500 ml of mung
ean buffer (0.03 M sodium acetate, pH 4.6, 0.05 M NaCl, 1
M zinc acetate, 5% glycerol) and digestion proceeded for
h at 37°C. Samples were precipitated, resuspended inequencing loading buffer (10 mM NaOH, 95% formamide,.05% bromphenol blue, 0.05% xylene cyanol), and run on a
% acrylamide/7 M urea sequencing gel for autoradiogra-
hy.
nalysis of ORFs
Analysis of potential ORFs was performed using the
CGENE program (Intelligenetics, Inc, Mountain View,
A). Comparison to known sequences was done by
LAST search (National Institutes of Health, Bethesda,
D) and a SwissPROT protein database search.
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